GrpE proteins act as co-chaperones for DnaK heat-shock proteins. The dimeric protein unfolds under heat stress conditions, which results in impaired interaction with a DnaK protein. Since interaction of GrpE with DnaK is crucial for the DnaK chaperone activity, GrpE proteins act as a thermosensor in bacteria. Here we have analyzed the thermostability and function of two GrpE homologs of the mesophilic cyanobacterium Synechocystis sp. PCC 6803 and of the thermophilic cyanobacterium Thermosynechococcus elongatus BP1. While in Synechocystis an N-terminal helix pair of the GrpE dimer appears to be the thermosensing domain and mainly mediates GrpE dimerization, the C-terminal four-helix bundle is involved in additional stabilization of the dimeric structure. The four-helix bundle domain has a key role in the thermophilic cyanobacterium, since dimerization of the Thermosynechococcus protein appears to be mediated by the four-helix bundle domain, and melting of this domain is linked to monomerization of the GrpE protein. Thus, in two related cyanobacteria the GrpE thermosensing function might be mediated by different protein domains.
Introduction
Expression of heat-shock proteins (Hsps) in any organism is typically induced or increases in response to elevated temperatures (Bukau et al. 2006 , Liberek et al. 2008 , Saibil 2008 . However, just like many Hsps, molecular chaperones of the Hsp70 family are expressed not only at elevated temperatures but also in response to other stress conditions, and the chaperones are even essential during normal cell growth. Individual Hsp70 proteins can be found in all kingdoms of life, from bacteria to men, and in eukaryotic cells typically different Hsp70 proteins exist in the various internal cellular compartments. The functions of Hsp70s are diverse and involve preventing misfolding and/or aggregation of proteins as well as protein disaggregation or protein translocation across membranes. In recent years, DnaK, the Hsp70 protein of Escherichia coli, became a paradigm for studying the structure and functional mechanism of Hsp70 proteins (Genevaux et al. 2007) . DnaK alternates between two structurally distinct states for its chaperone function: in an ATP-bound state, the affinity of DnaK for binding to protein substrates is low, whereas in an ADP-bound state the substrate affinity is high. Thus, upon weak binding of substrates by DnaK in its ATP-bound state, DnaK is converted to the ADP-bound state by ATP hydrolysis, resulting in tight substrate binding. The conversion from the low-affinity to the high-affinity state of DnaK is mediated by the DnaJ co-chaperone (Liberek et al. 1991) , which belongs to the family of Hsp40 chaperones (Walsh et al. 2004 ). Dissociation of ADP from DnaK and subsequent ATP binding coupled with substrate release is mediated by a second co-chaperone, the GrpE protein (Liberek et al. 1991) . While the GrpE protein forms a stable dimer, as observed in the GrpE crystal structures, only one monomer of the dimer contacts the ATPase domain of DnaK (Harrison et al. 1997 , Nakamura et al. 2010 . Several studies have indicated that only a dimeric GrpE is functional, and monomerization of GrpE is coupled with its inactivation (Grimshaw et al. 2001 , Grimshaw et al. 2003 . Structurally, the GrpE protein can be divided into three domains: the paired long a-helix, the four-helix bundle-forming domain and the b-sheet domain at the C-terminus (Harrison et al. 1997 , Nakamura et al. 2010 ) (compare Fig. 1B ). The four-helix bundle follows the long paired a-helix, and each GrpE monomer contributes two helices to the four-helix bundle. The C-terminally located b-sheet domain forms most contacts with the DnaK protein, as observed in the crystal structure, but does not appear to be involved in protein dimerization. Unfolding of the E. coli GrpE protein involves two thermal unfolding transitions. The first transition has a midpoint at about 48 C, which is in a physiologically relevant temperature range, and the second transition is at $75 C. Similarly, unfolding of the GrpE homolog of Thermus thermophilus also involves two thermal transitions . The long paired a-helices of the E. coli GrpE protein undergo a helixto-coil transition, which corresponds to the above-mentioned first thermal transition (Grimshaw et al. 2003) . However, GrpE remains in a dimeric structure and monomerizes only upon melting of the four-helix-bundle at about 75 C (second thermal transition). Thus, while the four-helix bundle serves as the dimerization domain, thermal unfolding of the long paired a-helices inactivates the GrpE function in E. coli, and thus the long paired a-helices act as the thermosensor domain, as has also been suggested for the GrpE homolog of Chlamydomonas reinhardtii (Willmund et al. 2007 ). In contrast, at physiologically relevant temperatures the b-sheet domain of the GrpE homolog of T. thermophilus unfolds reversibly, whereas the dimer is still stable due to interactions of the paired a-helices . Thus, both GrpE proteins initially unfold locally upon heat stress conditions, resulting in inactivation of the GrpE function, and only at higher temperatures do the proteins monomerize. Nevertheless, different domains of these GrpE homologs unfold upon heat stress and are important for dimerization. It has been suggested that these observed differences could be explained by various thermodynamic pressures exerted on thermophilic organisms, such as T. thermophililus, as compared with mesophiles, such as E. coli (Harrison 2003) . This raises the question as to how the GrpE homologs of two more closely related bacteria mediate dimerization, stabilization and function, if one species is mesophilic and the other thermophilic.
To address this question, we have analyzed the two GrpE proteins of the mesophilic cyanobacterium Synechocystis sp. PCC 6803 and the (moderate) thermophilic cyanobacterium Thermosynechococcus elongatus BP1, which grow at $35 C and $55 C, respectively. Both proteins form stable dimers in vivo and in vitro and show a thermal unfolding transition, which is at a physiologically relevant temperature. This transition appears to involve local unfolding as well as monomerization of the proteins. Based on studies with isolated N-and C-terminal GrpE domains of the two related proteins, we subsequently identify domains critical for dimerization and thermosensing.
Results and Discussion

Characterization of two cyanobacterial proteins with homology to GrpE
In the genomes of both the mesophilic cyanobacterium Synechocystis sp. PCC 6803 and the thermophilic cyanobacterium T. elongatus, a single gene encodes a protein with homology to the GrpE protein of E. coli. In contrast, DnaK and DnaJ proteins are typically encoded by gene families in cyanobacteria (Rupprecht et al. 2007 , Rupprecht et al. 2010 , Dueppre et al. 2011 . The Synechocystis open reading frame sll0057 encodes a protein of 249 amino acids with a predicted molecular mass of 27.6 kDa (Kaneko et al. 1996) . The Thermosynechococcus open reading frame tlr1314 codes for a 252 amino acid long protein with a molecular mass of 27.8 kDa (Nakamura et al. 2002) . The two proteins display 44% identity and 60% similarity to each other. Compared with the E. coli protein, the cyanobacterial Fig. 1 Structure of the Synechocystis and Thermosynechococcus GrpE proteins. (A) Sequence alignment of the Synechocystis and Thermosynechococcus GrpE full-length sequences. The indicated domain borders and functions of the GrpE proteins were determined according to the regions defined for the E. coli GrpE structure (Harrison et al. 1997 , Harrison 2003 . The arrows indicate the canonical heptad repeat of hydrophobic residues in the paired a-helical domains. (B) Structure of the dimeric T. thermophilus GrpE protein (pdb code 3A6M). The position where the extended paired a-helices end and the four-helix bundles start is indicated (compare A). The two resulting expressed GrpE fragments were analyzed in this study. 'NT' and 'CT' indicate the N-and C-terminal GrpE domains, respectively, which have been analyzed in this study.
GrpE homologs have a longer C-terminus as well as an elongated N-terminal domain. As can be seen in Fig. 1 , the C-terminal domains, which contain the four-helix bundle and the b-sheet domains, of the Synechocystis and Thermosynechococcus GrpEs, respectively, are more similar (58% identity, 71% similarity) than the N-terminal domains (30% identical, 48% similar) possessing the unstructured N-termini and the extended a-helices.
To test whether the proteins encoded by the open reading frames sll0057 and tlr1314 function as GrpE proteins, we complemented the temperature-sensitive E. coli ÁgrpE strain OD212 by heterologous expression of the two proteins in this strain. In this E. coli strain deletion of the endogenous grpE gene causes a growth defect at elevated temperatures (Deloche et al. 1997) , and, while this strain survives at moderate temperatures, it can only grow at elevated temperatures when a functional GrpE protein is co-expressed. When an empty expression plasmid was transformed into the E. coli strain, the growth defect was not complemented and the strain was unable to grow at 42 and 44 C, whereas expression of the wild-type E. coli GrpE protein from an expression plasmid resulted in restoration of a growth-competent phenotype ( Fig. 2A) . At 42 C expression of both the Synechocystis and the Thermosynechococcus GrpE homologs resulted in growth restoration, demonstrating that both proteins are able to fulfill the GrpE function in this strain. When compared with the Synechocystis sll0057 gene, expression of the Thermosynechococcus tlr1314 gene complemented the growth defect slightly better. This was even more obvious at 44 C, where expression of the Synechocystis gene did not restore growth, whereas expression of the Thermosynechococcus gene still complemented deletion of the endogenous grpE gene, although only to a minor extent. Taken together, these data suggest that the two genes of Synechocystis and Thermosynechococcus code for functional GrpE homologs. However, while the complementation data allow a general characterization of the protein function, the experiment does not allow a direct comparison of the two proteins with respect to, for example, stability. The complementation assay does not only rely on expression of a functional GrpE homolog, but the protein also has to interact functionally with the E. coli DnaK and DnaJ proteins. Thus, the observed differences could merely result from different interaction propensities of the individual GrpE homologs with the E. coli proteins. To define further specific features of the mesophilic vs. the thermophilic protein in more detail, we aimed to analyze dimerization and stability of the proteins in vitro as well as in vivo.
Dimerization and thermostability of the full-length GrpE proteins
First, we monitored dimerization of the two cyanobacterial GrpE proteins in E. coli cells in vivo using the GALLEX system (Schneider and Engelman 2003) , which allows monitoring of oligomerization of proteins and protein domains (Prodöhl et al. 2005 , Finger et al. 2006 , Cymer and Schneider 2009 , Finger et al. 2009 , Fuhrmann et al. 2009 ). The cyanobacterial GrpE proteins were genetically fused at their respective N-terminus to the DNA-binding domain of the E. coli LexA protein. Dimerization of the expressed chimeric protein results in formation of a LexA dimer, and only the dimeric LexA DNA-binding domain can bind to a promoter/operator region, which controls expression of the lacZ reporter gene. Fig. 2 Complementation of an E. coli ÁgrpE strain. The temperature-sensitive E. coli ÁgrpE strain OD212 (Deloche et al. 1997 ) was transformed with an empty expression plasmid (C) or plasmids expressing the GrpE proteins of E. coli (EC), Synechocystis (SC) or Thermosynechococcus (TE). Serial dilutions of the transformed cells were spotted onto LB agar plates and incubated at the indicated temperatures. Expression of the GrpE proteins was induced by adding 0.05 mM IPTG to the plates. At least three independent complementation experiments were performed, and a representative result is shown.
Binding of LexA results in repression of the reporter gene activity, and the more strongly a protein dimerizes the lower is the determined b-galactosidase activity. Since dimerization of this protein is well characterized, dimerization of the E. coli GrpE protein was monitored as a positive control. Furthermore, transformation of SU101 cells with an empty expression plasmid served as a negative control. As can be seen in Fig. 3 , fusion of any of the full-length GrpE proteins to the LexA DNAbinding domain resulted in strong repression of the reporter gene activity and in low b-galactosidase activity due to dimerization, whereas cells transformed with the empty expression plasmid showed high b-galactosidase activity. These in vivo data strongly suggest that both cyanobacterial GrpE proteins can form stable dimers in vivo.
For subsequent in vitro studies we purified the two cyanobacterial GrpE full-length proteins after heterologous expression of fusion proteins containing a deca-histidine tag at the N-terminus of the proteins in E. coli (Fig. 4A) . The histidine tail does not alter the function of the GrpE protein as it still binds DnaK with high affinity (Rupprecht et al. 2010) . First, the isolated full-length proteins were incubated at different temperatures, ranging from 10 to 80 C, and dimeric GrpE species were cross-linked at the individual temperatures by glutaraldehyde. To establish appropriate cross-linking conditions, the fulllength proteins were first incubated for different periods of time with glutaraldehyde and, after incubation of the proteins with the cross-linker for >5 min, we observed that the ratio of monomeric and dimeric GrpE no longer changed significantly (data not shown). Therefore, all samples were incubated for 10 min with glutaraldehyde. As can be seen in Fig. 4B , with increasing temperatures, the cross-linked dimeric GrpE species with an apparent molecular mass of $80 kDa disappeared, whereas more monomeric protein emerged. At approximately 40 C the Synechocystis GrpE monomer and dimer were present in about equimolar concentrations, and thus the Synechocystis GrpE dimer has an unfolding transition at this temperature. In contrast, the Thermosynechococcus protein is much more Fig. 4 (A) Purification and cross-linking analyses of Synechocystis and Thermosynechococcus GrpE proteins. Purification of the full-length (FL) GrpE homologs of Synechocystis (SC) and Thermosynechococcus (TE) as well as of the isolated N-and C-terminal protein domains (NT and CT, respectively). While the predicted masses of the full-length proteins and the domains are $28 kDa and $14 kDa, respectively, the apparent molecular masses of the isolated proteins differ significantly from these predicted values. Proteins were purified as described in the Materials and Methods. A 2 mg aliquot of the purified proteins was separated on a 1 % polyacrylamide gel and subsequently stained with Coomassie blue. M, molecular mass standard. (B) Cross-linking of the full-length GrpE homologs of Synechocystis (SC) and Thermosynechococcus (TE). A 2 mg aliquot of the full-length proteins was incubated at the indicated temperatures and stable dimers were cross-linked by glutaraldehyde. Monomeric (M) and dimeric (D) proteins were subsequently separated on a 12% polyacrylamide gel and stained with Coomassie blue. Molecular masses in kDa are indicated on the right of each figure part. stable and the monomer began appearing at $50 C, and equilibrium was reached at about 60 C. Interestingly, addition of glutaraldehyde stabilized two different monomeric GrpE structures in the case of the Thermosynechococcus protein as evidenced by two differently migrating monomer bands on a polyacrylamide gel. Since only a single GrpE band appeared on SDS-gels when the sample was heated but not cross-linked (not shown), we can rule out that the faster migrating monomer band represents a degradation product.
Taken together, these data indicate that both proteins have an unfolding transition at physiologically relevant temperatures, which are $40 C for Synechocystis and $60 C for Thermosynechococcus, respectively, and which are just above the optimal growth temperatures of the respective cyanobacteria.
To characterize the stability of the two GrpE homologs in more detail, we subsequently monitored the secondary structure of the two full-length proteins by circular dichroism (CD) spectroscopy at various temperatures. The CD spectra indicated a high content of a-helices (Fig. 5A, B) for both proteins, and analysis of the spectra via the CDSSTR program (Compton and Johnson 1986 , Manavalan and Johnson 1987 , Sreerama and Woody 2000 , Whitmore and Wallace 2004 , Whitmore and Wallace 2008 predicted $80% a-helical content for both proteins. Thermal unfolding transitions were followed for both full-length proteins by CD spectroscopy (Fig. 5C, D) . The thermal unfolding transition of the Synechocystis protein began at approximately 35 C and had its midpoint at $42 C, whereas unfolding of the Thermosynechococcus protein began at around 40 C and had its midpoint at $60 C. It is noteworthy that unfolding of the proteins after heating to 80 C was essentially completely reversible. Interestingly, for both proteins, the thermal unfolding transitions observed by CD spectroscopy correlated very well with the cross-linking data (Fig. 4) , indicating that loss of the a-helical structure might be accompanied by monomerization of the proteins.
While the observed loss of the a-helical content with a midpoint at $42 C and $60 C correlates very well with the transition temperatures observed for the loss of a dimeric GrpE structure (Fig. 4) , this observation was somewhat unexpected, since in the case of the GrpE proteins of E. coli and T. thermophilus the first transition represents local unfolding of a single protein domain resulting in deactivation of the GrpE protein, whereas the dimeric structure of the protein is still retained (Grimshaw et al. 2001, Groemping and . In the case of the Synechocystis as well as of the Thermosynechococcus protein the determined first thermal transition temperature correlated well with monomerization of the protein. Thus, unfolding and monomerization of the two GrpE proteins either happen in a rather narrow temperature range or unfolding of the proteins is directly coupled to monomerization. The latter would suggest that, in contrast to the E. coli and T. thermophilus GrpE proteins, an extra thermosensing domain might not exist in the GrpE proteins of Synechocystis and Thermosynechococcus. It has to be mentioned that possible changes in the b-sheet C indicate a predominantly a-helical structure. Melting of the a-helical structure was followed by CD spectroscopy at 222 nm with full-length proteins of Synechocystis (C) and Thermosynechococcus (D) at least three times. Molar ellipticity at 222 nm was followed when samples were heated to 80 C and cooled down to 10 C (filled squares) as well as during heating of the sample from 10 to 90 C (open circles).
structures cannot be detected by CD spectroscopy. However, the two b-sheet domains are not in direct orientation to one another within the dimeric structure and are not involved in dimerization (Fig. 1B) . The observation that the cyanobacterial full-length protein unfolds upon heating prompted us to analyze further which domains of the full-length GrpE homologs mainly stabilize the dimers, act as the thermosensors and trigger unfolding and monomerization.
Dimerization and thermostability of isolated N-and C-terminal GrpE domains
To characterize which part of the respective GrpE proteins is the actual thermosensor and/or responsible for dimerization, we measured interaction of isolated N-and C-terminal GrpE domains in vivo. Interaction propensities of the GrpE domains fused to the LexA DNA-binding domain were measured with the GALLEX assay as described above (Fig. 3) . Fusion of the Synechocystis N-terminal GrpE domain to the LexA DNA-binding domain resulted in a weak b-galactosidase activity, indicating a high interaction propensity (Fig. 3) . In contrast, the C-terminal GrpE domain appears to interact only weakly in vivo. The situation is different for the Thermosynechococcus GrpE protein. Here the GALLEX measurement with the isolated GrpE N-terminus resulted in a high b-galactosidase activity, and thus this domain did not form stable dimers. In contrast, expression of the C-terminus repressed the b-galactosidase activity significantly, and therefore this domain has a high propensity to form stable dimers in vivo. Thus, the isolated N-terminal domain of the Synechocystis GrpE and the isolated C-terminal domain of the Thermosynechococcus GrpE protein have high propensities to form dimeric structures, whereas the remaining protein domains alone do not form stable dimers in vivo.
For a more detailed in vitro characterization of the isolated GrpE domains, we expressed and purified the N-and C-terminal domains of the two GrpE homologs individually (compare Figs. 1 and 4A) . The CD spectrum of the isolated Synechocystis GrpE N-terminus shown in Fig. 6A indicated that this domain is highly a-helical, and thus this domain forms a stable a-helical structure even in the absence of the protein's C-terminus. Melting of the helical structure set in at $22 C and had a midpoint at about 31 C (Fig. 6C) , which is significantly lower than observed for the full-length Synechocystis GrpE protein. Refolding of this domain after heating to 70 C was essentially completely reversible (Fig. 6C) . In contrast, the isolated C-terminal GrpE part, which contains the four-helix bundleforming domain and the b-sheet domain, does not form stable dimers in solution and appears to be largely unstructured (Fig. 6B) . These observations indicate a predominant function of the Synechocystis N-terminal domain for structural organization and stabilization of the (dimeric) full-length protein.
Next we analyzed the stability of the related domains of the Thermosynechococcus GrpE protein. Surprisingly, the isolated N-terminal domain of the Thermosynechococcus protein appeared to be largely unstructured at 25 C (Fig. 7A) . In contrast, the C-terminal domain of the Thermosynechococcus protein was highly a-helical (Fig. 7B) , and melting of the a-helical structure started at about 40 C, had its midpoint at $60 C and was essentially completely reversible (Fig. 7C) . Thus, the structured C-terminal domain appears to be essential for the structural stability of the protein, and, remarkably, the melting point of the isolated C-terminal domain corresponds very well to the melting point previously observed for the full-length protein (Fig. 5) .
In the following we aimed to link the CD melting curves to the stability of individual protein domain dimers, and therefore we cross-linked stable dimers of the isolated domains in solution at different temperatures by glutaraldehyde. The results of the cross-linking can be seen in Fig. 8 . In general, these results are in good agreement with the CD and GALLEX data. The N-terminal domain of the Synechocystis GrpE forms stable dimers in vivo, albeit the interaction propensity appears to be lower than observed with the full-length protein (Fig. 3) . The dimeric form of the isolated N-terminus is undetectable at temperatures >35 C. On the other hand, the isolated C-terminus did not form stable dimers, and thus the N-terminus might be more important for formation and stabilization of a (pre-formed) dimeric structure. The results shown in Fig. 8 further indicate that the isolated N-terminus of the Synechocystis protein forms two different dimeric structures in solution since two cross-linking products were observed.
Since only a single band was observed on SDS-gels after heating the sample when the cross-linker was omitted (not Fig. 6 CD analyses of isolated Synechocystis GrpE domains. CD spectra of the isolated Synechocystis N-terminal (A) and C-terminal (B) GrpE domains measured at 25 C (compare Fig. 1) . Molar ellipticity at 222 nm was followed when the isolated N-terminus was heated to 80 C and cooled down to 10 C (filled squares) as well as during heating from 10 to 90 C (open circles).
shown), we can exclude that the lower migrating band represents a degradation product. In contrast to the Synechocystis GrpE domains, we observed stable dimer formation of the Thermosynechococcus C-terminal GrpE fragment. This domain monomerizes with a transition temperature in the range of about 60-65 C, which is close to the thermal unfolding transition observed for the full-length protein (Fig. 4) . In agreement with the presented CD and GALLEX data (Figs. 3, 7) we did not observe formation of a stable dimer of the isolated Thermosynechococcus N-terminal GrpE domain, which further supports the notion that this domain is largely unstructured. However, while at low temperatures only a single monomeric structure was observed, with increasing temperatures a second monomeric structure, having a slightly lower apparent molecular mass, appeared. Thus, the structure has changed, although the CD data have indicated that this domain was largely unstructured. The faster migrating monomer species most probably represent a different folding state of the monomer, presumably the completely unfolded protein. Formation of these two monomeric species was also observed with the full-length protein (Fig. 4B) . Thus, formation of a second monomeric GrpE species, as observed with the full-length Thermosynechococcus protein (Fig. 4) , was most probably caused by the N-terminal GrpE domain.
GrpE thermostability and thermosensing in the mesophilic cyanobacterium Synechocystis sp. PCC 6803 and the thermophyilic cyanobacterium Thermosynechococcus elongatus
The CD and cross-linking experiments as well as the in vivo GALLEX measurements suggest that the N-terminus of the Synechocystis and the C-terminus of the Thermosynechococcus GrpE proteins, respectively, dimerize in vivo as well as in vitro. In Synechocystis, the N-terminal helix pair of GrpE facilitates dimerization, and melting of this domain might be coupled to monomerization of the protein. However, since the melting Fig. 8 Cross-linking analyses of isolated Synechocystis and Thermosynechococcus GrpE domains. Cross-linking of the N-(NT) and C-terminal (CT) GrpE domains of Synechocystis (SC) and Thermosynechococcus (TE). A 2 mg aliquot of the proteins was incubated at the indicated temperatures and stable dimers were cross-linked by glutaraldehyde. Monomeric and dimeric proteins were subsequently separated on a 12% polyacrylamide gel and stained with Coomassie blue. Molecular masses in kDa are given. Fig. 7 CD analyses of isolated Thermosynechococcus GrpE domains. CD spectra of the isolated Thermosynechococcus N-terminal (A) and C-terminal (B) GrpE domains (compare Fig. 1) measured at 25 C. Molar ellipticity at 222 nm was followed when the isolated C-terminus was heated to 80 C and cooled down to 10 C (filled squares) as well as during heating the C-terminus from 10 to 90 C (open circles).
temperature of the isolated N-terminus (T m $31 C) is below the thermal unfolding transition of the full-length Synechocystis GrpE protein (T m $42 C), the C-terminal domain appears also to be involved in stabilization of the full-length GrpE dimer. Thus, both the a-helix pair and the four-helix bundle might contribute to the stability of the GrpE dimer, although analyses of the isolated GrpE domains indicate that the N-terminal helix pair is more important for temperature-induced unfolding and potentially also for monomerization of the full-length protein.
Thus, this domain might represent the thermosensing GrpE domain, as also observed in E. coli, and the C-terminal four-helix bundle of the dimer is involved in further stabilization of the dimeric structure. This function of the four-helix bundle appears to be more important in the thermophilic cyanobacterium. In contrast to the Synechocystis protein, the extended N-terminal a-helices might not have a prominent role in dimer stabilization and thermosensing in T. elongatus. Based on the analyses using the isolated domains, dimerization of the Thermosynechococcus protein appears to be mainly mediated by the four-helix bundle, and melting of the bundle structure is coupled to monomerization of the protein. Thus, the results suggest that the GrpE function might be adjusted to higher temperatures in Thermosynechococcus by stabilizing the fourhelix bundle, which is formed equally by two GrpE monomers. Simultaneously, the function of the paired extended a-helices in thermosensing and dimer stabilization is reduced. The isolated N-terminal domain is largely monomeric and does not contain any a-helical structures (as judged by CD spectra), although some parts of this domain are ordered at lower temperatures and these parts melt at increasing temperatures, resulting in formation of the observed second monomer species (Figs. 4, 8) .
As indicated in the sequence alignment in Fig. 1 , the extended a-helices of the N-terminal regions of both the Synechocystis and Thermosynechococcus proteins contain canonical heptad repeats of hydrophobic residues, which are characteristic for coiled-coils (arrows in Fig. 2A ). Coiled-coil formation has been suggested to be responsible for dimerization of the GrpE homolog of C. reinhardtii (Willmund et al. 2007 ). In the case of the Thermosynechococcus protein, the regular heptad repeat is interrupted at position 87 and, in addition, at position 73 an alanine residue can be found, whereas at the corresponding position of the Synechocystis sequence an isoleucine is present. Thus, the higher propensity of the Synechocystis sequence to form a stable coiled-coil might be the reason for the observed differences in the dimerization propensity of the isolated N-terminal domains as well as of the full-length proteins.
Materials and Methods
Expression and purification of the full-length and truncated GrpE proteins
The full-length grpE genes as well as the gene regions coding for the N-and C-terminal GrpE domains of Synechocystis and Thermosynechococcus, respectively, were amplified from genomic DNA by PCR using the primers listed in Table 1 .
The PCR products were restriction digested using NdeI and BamHI, and ligated to the equally restriction-digested plasmid pRSET-His, which was generated by ligating the XbaI/BamHI fragment from pET19b (Merck Chemicals Ltd.) into the equally restriction-digested plasmid pRSET6a (Schoepfer 1993) . Sequenced plasmids were used to express the full-length GrpE proteins as well as GrpE protein fragments with an N-terminal His-tag. For protein expression, transformed E. coli BL21 (DE3)/pLysE cells were grown at 37 C in 500 ml of LB medium to an OD 600 of $0.6, and protein expression was Table 1 Primers used in this study for PCR amplification of full-length and truncated grpE genes induced by addition of 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG). After 4 h, cells were harvested by centrifugation (5,000Âg, 15 min, 4 C) and resuspended in 20 ml of 50 mM sodium phosphate (pH 8.0), 10 mM imidazole, 300 mM sodium chloride. Protease inhibitor cocktail (Sigma Aldrich) was added at a 1 : 1,000 dilution. Escherichia coli cells were subsequently broken by ultrasonic treatment, and inclusion bodies, cell debris and membranes were removed by centrifugation at 40,000Âg for 30 min. The supernatant was loaded onto a Ni-NTA agarose column (Qiagen). The column was washed twice with sodium phosphate buffer (20 mM sodium phosphate pH 8.0, 300 mM sodium chloride) with 30 mM imidazole. Proteins were eluted from the column with increasing imidazole concentrations (100-500 mM) in sodium phosphate buffer. Eluted proteins were finally dialyzed against 10 mM sodium phosphate, pH 7.6. The protein concentration was determined using the BCA reagent kit from Pierce (Thermo Fisher Scientific).
Cross-linking analyses
A 2 mg aliquot of purified GrpE full-length proteins and of domains was incubated at different temperatures for 10 min, as indicated in the Results and Discussion section. Glutaraldehyde was added to the sample at a final concentration of 25 mM followed by 10 min incubation to cross-link interacting proteins. Protein samples were subsequently analyzed on SDSpolyacrylamide gels (Laemmli 1970) .
CD spectra
The secondary structure and the thermal stability of the purified proteins and of isolated protein domains were determined by CD spectroscopy using a Jasco J-810 CD spectrometer in the range of 190-250 nm every 1 nm and at a temperature ranging from 10 to 95 C. The scan speed was 200 nm min À1 . A cuvette with a 1 mm path length was used and a protein concentration of 0.125 mg/ml in 10 mM sodium phosphate buffer (pH 7.5). The bandwidth was set to 1 nm. Denaturation curves were analyzed using the program Origin.
Complementation analyses
The genes encoding the full-length GrpE homologs of Synechocystis and Thermosynechococcus were amplified from genomic DNA as described above. The PCR fragments were ligated into the plasmid pMalp2x (New England Biolabs) after restriction digestion of the PCR fragments and the plasmid with NdeI and BamHI. The E. coli grpE gene was amplified from genomic DNA by PCR using the primers ECgrpE5 0 and ECgrpE3 0 ( Table 1) . The PCR fragment was ligated into the plasmid pMalp2 following restriction digestion of the PCR fragments and of the plasmid with NdeI and XbaI. In the generated plasmids, expression of the individual grpE genes is under the control of the lac promoter. The plasmids were transformed into the E. coli ÁgrpE strain OD212 (Deloche et al. 1997) . Transformed cells were grown in LB medium up to an OD 600 of 0.5 at 30 C. The cultures were subsequently diluted in LB medium from 10 À2 up to 10 À6 , and 2 ml of each dilution were dropped on a selective LB agar plate containing 0.05 mM IPTG. The plates were subsequently incubated overnight at different temperatures.
In vivo interaction assay (GALLEX assay)
The GALLEX assay was used to determine the dimerization propensity of the full-length proteins and of the isolated domains in living E. coli cells. The full-length grpE genes and N-and C-terminal fragments were amplified by PCR using the primers listed in Table 1 . The resulting PCR products were ligated to the plasmid pLexA (Schneider and Engelman 2003) following restriction digestion of the plasmid and the PCR fragments with NheI and BamHI. Escherichia coli SU101 cells (Dmitrova et al. 1998) were subsequently transformed with the resulting plasmids as well as with control plasmids. GALLEX measurements were performed exactly as described in detail in Schneider and Engelman (2003) .
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